Noroviruses are the leading cause of severe viral gastroenteritis. Although the severity of disease is usually moderate, infection can be especially virulent in young children and the elderly (10, 16, 25, 27, 32, 48) . It is estimated that 200,000 people die each year from norovirus infections, especially in the developing world (50) . An effective vaccine would be particularly advantageous to young and aged populations, military personnel, food handlers, and child and health care providers and in the developing world. The major obstacle to successful norovirus vaccine development is the lack of understanding of the extensive antigenic relationships between norovirus strains and the complex relationship between host protective immunity and antigenic heterogeneity.
Genetically, noroviruses are grouped by the major capsid protein amino acid sequence. Viruses with less than 14.3% difference are classified as the same strain, those with 14.3 to 43.8% difference are classified as the same genotype, and those with 45 to 61.4% difference are classified as the same genogroup (68) . Currently, noroviruses are grouped into five genogroups (GI to GV). Genogroups GI and GII are responsible for most human infections, and these genogroups are further subdivided into more than 25 different genotypes (68) . The majority of norovirus outbreaks are caused by the GII.4 genotype. Between 1995 and 2006 four major GII.4 strain pandemics have been identified. The first was recognized in the mid1990s (46) . During this time, strain US95/96 was responsible for ϳ55% of the norovirus outbreaks in the United States and 85% of the outbreaks in the Netherlands (63) . In 2002, the US95/96 strain was replaced by the Farmington Hills strain (66) , which was associated with ϳ80% of norovirus outbreaks (17) in the United States. Simultaneously in Europe, the GII.4b variant emerged and caused outbreaks during the winter, spring, and summer (42, 44, 51) . In 2004, the Hunter GII.4 variant was detected in Australia, Europe, and Asia (7, 33, 51) . This strain was subsequently replaced in 2006 by two new cocirculating GII.4 variants in the United States and Europe, Laurens (2006a) and Minerva (2006b) (10, 33, 57) .
Structurally, noroviruses are ϳ38-nm icosahedral viruses with an ϳ7.5-kb single-stranded, positive-sense RNA genome that encodes three large open reading frames (ORFs). ORF1 encodes the replicase polyprotein, while ORFs 2 and 3 encode the major and minor capsid proteins, respectively. Expression of the major capsid protein (ORF2) in baculovirus and Venezuelan equine encephalitis (VEE) virus results in formation of virus-like particles (VLPs) composed of 180 copies of the monomeric protein (53) . The monomer is structurally divided into the shell domain (S) that forms the core of the particle and the protruding domain (P) that extends away from the core. The P domain is further subdivided into the P1 subdomain (residues 226 to 278 and 406 to 520) and the P2 subdomain (residues 279 to 405) (53) . P2 represents the most exposed surface of the viral particle and determines interaction with both potential neutralizing antibody and histo-blood group antigens (HBGAs) (9, 12, 39, 41) .
Multiple recent reports have concluded that the major capsid proteins of GII.4 strains are evolving rapidly, resulting in new epidemic strains with altered antigenicity (4, 6, 39, 59) . The majority of these changes are occurring within the surfaceexposed P2 subdomain. Surrogate neutralization assays using both sera collected from human GII.4 outbreaks and from norovirus-immunized mice suggest that potential neutralizing epitopes are not conserved among GII.4 noroviruses. This antigenic variation and accompanying host immune evasion may contribute to GII.4 persistence in human populations (8, 39) . Additional compelling evidence for long-term protective immunity to norovirus infection also comes from reports indicating that periods of "high norovirus activity" correlated with the emergence of new GII.4 strains (1, 5, 29, 47, 55, 62) and are followed by years characterized by decreased numbers of outbreaks. These data suggest that herd immunity may be an important regulator of GII.4 norovirus evolution and persistence in human populations (8, 39) .
Successful RNA viruses have been shown to evade host immunity via several modes, including antigenic variation (43, 65) . Influenza virus hemagglutinin (HA) and HIV-1 gp120 Env are highly antigenic, well-characterized viral proteins documented to change neutralizing epitopes with passage (26, 34, 43, 45) . Similarly, there is evidence of antigenic variants in immunocompromised individuals chronically infected with norovirus (56) . How viruses evolve under pressure from host protective immunity to escape neutralizing antibody is controversial. Historically, the paradigm has been that herd immunity causes antigenic drift, the slow accumulation of mutations of small effect that eventually result in significant antigenic change. This hypothesis has been challenged by arguments for epochal evolution in which mutations of large effect are admixed within neutral mutations and by the idea that these combined small-and large-effect mutations actually drive antigenic change (31) . This hypothesis argues that a complex relationship exists between mutation and antigenic variation, with specific sites differentially driving escape from herd immunity.
In the absence of a small-animal model or a cultivatable virus, we prepared panels of both time-ordered GII.4 VLPs and monoclonal antibodies (MAbs) to study the mechanisms of GII.4 persistence in human populations, including antigenic variation. Previous studies have demonstrated that VLPs are antigenically very similar to native noroviruses (28, 36) , and mouse MAbs can be used to compare epitopes between different VLPs. Therefore, we constructed VLPs representing each of the pandemic strains [GII. 4-2006 (Minerva) ] in addition to an ancestral strain that circulated prior to any known pandemic outbreak (GII. ). An additional VLP (GII. representing Sakai was used to represent a strain circulating during the brief window between the 2004 and 2006 pandemic strains. Sakai is a neoteric GII.4 outbreak strain associated with outbreaks in health care facilities in Southeast Asia (48) and sporadically detected in the United States and the Netherlands (10) . Two new VLPs, GII.4-2007 and GII. , were constructed to represent strains circulating within communities after the Minerva pandemic peaked. Previously, we reported the histo-blood group antigen binding patterns (putative cellular receptors) and antigenic relationships between these GII.4 strains circulating between 1987 and 2006 (8, 39) . In these studies, VLP GII. 4-1987 4- , GII.4-1997 , and GII. 4-1987 and -1997 were antigenically indistinguishable from each other with both human norovirus outbreak sera and VLP-immunized mouse sera. VLPs of strains circulating in 2002 or later had significantly less reactivity with sera directed against VLPs of earlier strains. Based upon these results, five putative antibody epitopes were predicted based upon evolving surface-exposed residues in the GII.4 capsid (14) . These observations provide empirical support for bioinformatic predications that GII.4 noroviruses are undergoing antigenic variation (2, 39, 59) .
In this study we demonstrate that the antibody epitopes of GII.4 norovirus major capsid proteins are changing by comparing the reactivity of a panel of monoclonal antibodies generated independently against an early GII.4 strain (GII. and a contemporary GII.4 strain (GII. ) against a panel of time-ordered GII.4 VLPs representing major evolutionary steps and consequently major outbreak strains ranging between 1987 and 2008. These results not only support the hypothesis that noroviruses are undergoing rapid antigenic variation but also provide a model platform to evaluate whether change is mediated by classical antigenic drift or by epochal evolution.
MATERIALS AND METHODS
Phylogenetic analysis of GII.4 ORF2 sequences. Thirty-three genotype GII.4 capsid P2 subdomain amino acid sequences, including 11 representative sequences and 22 reference sequences, were aligned by ClustalX, version 1.83 (13), using default parameters. The alignment was refined manually, and sites of variation, defined as any site with a quality score of less than 100, were exported in table format and ordered by genotype and date. To eliminate potential sequencing errors, positions that were different in only one representative sequence were removed. Variable sites that occurred in the P2 subdomain were exported using Microsoft Excel. Since the residues within predicted epitopes (14) appear to reuse the same residues from previous outbreak strains at various times and because different portions of the protein evolve at different rates (39) , molecular clock analysis was not conducted on these data. Further, molecular clock analysis has been previously reported for the GII.4 noroviruses (4, 58) .
A maximum-likelihood phylogenetic tree was generated using the PhyML program (20) as implemented in the Geneious package (Biomatters, Auckland, New Zealand), using the MtREV substitution model. Boot-strapping was conducted generating 100 bootstrapped data sets, and a consensus tree was generated using Consensus from the Phylip package (18) . Trees were visualized in the Geneious tree viewer, and the Seaview tool (19) was used for editing and rearranging branches. Briefly, all ORF2 constructs were inserted directly into the VEE replicon vector for the production of virus replicon particles (VRPs), and VLPs were expressed in VRP-infected BHK cells. Subsequently, VLPs were purified by velocity sedimentation in sucrose, and approximately 35-nm particles were visualized by negative-staining electron microscopy (EM) (3, 40) . VLP protein concentrations were determined by a Bio-Rad protein assay (Bio-Rad, Hercules, CA).
Mouse immunization, hybridoma production, and IgG purification. Monoclonal antibodies were produced and purified by the University of North Carolina (UNC)-Chapel Hill, Immunology Core (http://mabs.unc.edu). Briefly, to create the UNC50 anti-GII.4-1987 monoclonal antibodies, Swiss Webster mice were given oral immunizations with 5 g of VLP/100 l on days 0, 2, 4, 16, and 18. On day 21 mice were boosted with 5 g of VLP/100 l and 2 g/10 l intravenously (i.v.) before splenocyte fusion. UNC56 anti-GII.4-1987 hybridomas were produced from mice immunized as above with an additional boost intraperitoneally (i.p.) at 5 months with 50 g/200 l plus Gerbu adjuvant and subsequent fusion. UNC67 anti-GII.4-2006 hybridomas were produced from mice immunized with 50 g/100 l plus Gerbu adjuvant on days 0, 20, 41, 57, and 84, and splenocytes fused on day 88. Resulting hybridomas were subcloned by limiting dilution, isotyped, and purified by protein G chromatography.
EIAs. Antibody reactivity was determined by EIA. Plates were coated at 1 g/ml of VLP in phosphate-buffered saline (PBS) for 4 h at room temperature and blocked overnight at 4°C in 5% Carnation dry milk in PBS-0.05% Tween 20 before the addition of either serially diluted IgM-containing tissue culture supernatant or 2 g/ml purified IgG; samples were incubated for 1 h at 37°C, followed by anti-mouse-IgM or IgG-alkaline phosphatase (Sigma Chemicals) for 30 min at 37°C and color development with para-nitrophenyl phosphate (pNPP; Sigma Chemicals) at room temperature for 15 min. Each step was followed by washing with PBS-0.05% Tween 20, and all antibodies were diluted in 5% Carnation dry milk in PBS-0.05% Tween 20. All samples were assayed in triplicate as both tissue culture supernatants and purified antibodies. Establishment of EIAs using new MAbs included PBS and genogroup I VLP-coated wells as negative controls and polyclonal anti-VLP mouse or human serum as a positive control. Antibodies were considered positive for reactivity if the mean optical density (OD) for VLP-coated wells was greater than three times the mean optical density for PBS-coated wells. Assay plates were considered valid if negative controls were below 0.08 OD units and positive controls were above 0.5 OD units.
Carbohydrate binding blockade assays. VLP-HBGA binding blockade experiments were done as reported previously by our group (38, 39) with minor modification. Synthetic HBGAs were bound to NeutriAvidin-coated plates (Pierce, Rockford, IL) at 10 g/ml (Glycotech, Gaithersburg, MD) for 1 h before the addition of MAb-pretreated VLP at 1 g/ml for 1.5 h. VLP binding was detected with rabbit anti-GII VLP polyclonal antiserum, followed by anti-rabbit IgG-alkaline phosphatase (Sigma Aldrich, St. Louis, MO) and pNPP (Sigma Aldrich). The percent control binding was defined as the binding level in the presence of antibody pretreatment compared to the binding level in the absence of antibody pretreatment, multiplied by 100. HBGA ligands were H type 3 for GII. 4-1987, -1997, and -2006 and Le y for GII. 4-2002 (38, 39) . All incubations were done at room temperature. Each step was followed by washing with PBS-0.05% Tween 20, and all reagents were diluted in 5% Carnation dry milk in PBS-0.05% Tween 20. All samples were assayed in triplicate as both tissue culture supernatants and purified antibodies. Two criteria were used to designate an antibody as blockade competent: (i) a positive dose response between antibody treatment and mean percent control binding, as indicated by a negative slope significantly different from zero by linear regression analysis, and (ii) at least a 50% block of the VLP-HBGA interaction within the dilution series tested. The exceptions to these criteria were GII.4-2006-G3, -G4, and -G7. These antibodies completely blocked homotypic VLP-HBGA interaction at all dilutions tested and were determined to be blockade competent even though they did not meet the first criterion. Establishment of blockade assays using new MAbs included PBS and genogroup I VLP as negative controls and polyclonal anti-VLP mouse or human serum as a positive control.
RESULTS

GII.4 sequence variation and phylogeny.
A phylogenetic tree was generated using maximum-likelihood analysis from an alignment of the P2 subdomain of 33 GII.4 sequences, including 11 representative sequences (Fig. 1) . The tree shows that distinct clusters arose over time, starting with the earliest known GII.4 strain from 1974 through 2008, with distinct clusters correlating with major outbreaks.
Informative sites from the P2 subdomain of 11 representative sequences were exported and ordered by time (Fig. 2) . Analysis indicated that significant changes occurred in the P2 subdomain over time, consistent with results previously reported for the GII.4 genotype (39) . In general, it appears that the GII.4 genotype underwent epochal evolution whereby periods of evolutionary stasis were followed by bursts of adaptation that gave rise to novel strains that emerged from previous circulating strains, often via recycling of residues within impor-
Maximum-likelihood analysis of the P2 subdomain of the GII.4 noroviruses. A phylogenetic tree was generated using maximumlikelihood analysis from an alignment of the P2 subdomain of 33 GII.4 sequences, including 11 representative sequences. The tree shows that distinct clusters arose over time, starting with the ancestral GII. cluster. Evolution appears to have proceeded linearly over time, with new strains emerging from previous strains, often using recycled residues within important surface-exposed epitopes. (Fig. 2) . Taken together, these observations suggest that two extant strains are currently competing for persistence in human populations by evolving novel genotypes capable of evading existing herd immunity. Characterization of broadly reactive anti-GII.4-1987 IgM MAbs. Supporting earlier bioinformatic analysis that indicated that GII.4 strain persistence and outbreak potential corresponded with the emergence of antigenic variants, antibody cross-reactivity patterns (39) and surrogate neutralization assays using polyclonal sera from GII.4 outbreaks and immunized mice suggested that GII.4 noroviruses were undergoing antigenic variation and using immune evasion to escape protective herd immunity targeting ancestral strains in human populations. Antigenic variation is proposed to mediate GII.4 strain persistence in human populations. To directly test this hypothesis, we prepared panels of monoclonal antibodies against an early GII. To assess if these highly reactive IgM MAbs could be potentially neutralizing, we evaluated the ability of each IgM antibody to block interaction of the immunizing VLP, GII.4-1987, with its HBGA binding partner, H type 3 (39), in a surrogate neutralization assay. GII. VLPs were pretreated with serially diluted IgM-containing hybridoma tissue culture supernatant before addition to H type 3-coated plates and determination of the amount of VLP bound in the presence or absence of the MAb. Neither monoclonal IgM inhibited VLP interaction with HBGA ligand at any of the dilutions tested (see Fig. S1b in the supplemental material). These data suggest that both GI and GII norovirus strains share common epitopes within the intact particle that are antibody accessible, but these epitopes are likely conserved outside the carbohydrate binding domain. Cross-genogroup reactivity is in contrast to observations comparing IgG cross-reactivity (see below). The neutralization potential of each of these MAbs was evaluated using a surrogate neutralization assay, which provides a biochemical measure of the capacity of each antibody to specifically block ligand HBGA-VLP interaction (23, 39) . Serial dilutions of purified IgG were incubated with GII. 4-1987, -1997, -2002, or -2006 before VLPs were added to HBGA-coated plates, and the VLP binding with antibody pretreatment was compared to the binding without antibody pretreatment (Fig. 4) . All of the IgG antibodies had similar effects on GII. 4-1987 and -1997 interaction with H type 3, supporting previous findings that these two strains are, so far, antigenically indistinguishable (39) . Monoclonal antibody GII.4-1987-G1, -G4, and -G5 blockade of GII.4-1987, -1997, and -2002 VLPs was dose dependent (see Materials and Methods) and nearly complete at the highest doses tested. However, blockade of GII.4-2002 required ϳ4-fold or more MAb to block at least 50% binding compared to the concentrations needed to block GII. (Fig. 4a, c, and e) . MAbs GII.4-1987-G2 and -G3 did not significantly affect HBGA binding of any of the VLPs (Fig. 4b and c) . These surrogate neutralization assays combined with EIA data for the anti-GII. (Table 1) . Among the six MAbs, two cross-reactivity groups were identified by EIA (Fig. 5) . The first group (GII.4-2006-G1, -G2, -G3, and -G4) was genogroup specific, reacting only with the immunizing GII.4-2006 VLP (Fig. 5a ). The second group (GII.4-2006-G6 and -G7) reacted more broadly, including with other GII VLPs (GII.1-1972, GII.2-1976, GII.3-1999, and GII.14-2000), but not with any GI VLPs tested ( (Fig. 6b) .
Characterization of anti-GII.4-1987 IgG
Each MAb was evaluated for its ability to disrupt ligand HBGA-VLP interaction using the surrogate neutralization assay, as described above. In contrast to the EIA data, the blockade assay did not differentiate the anti-GII.4-2006 MAbs into two different phenotype groups. Five of the six MAbs were able to block the immunizing strain VLP-HBGA interaction at least 50% with dose dependency (Fig. 7) . Only GII.4-2006-G1 was unable to block binding. Despite a broad homotypic blockade, only one MAb (GII.4-2006-G3) (Fig. 7c) (Fig. 6b) . Further, despite EIA recognition by GII.4-2006-G6 and -G7, neither GII.2-1976 nor GII.3-1999 VLP interaction with H type 3 was affected by antibody pretreatment (data not shown). As carbohydrate binding ligands for GII.1-1972 and GII.14-1999 have not been identified, blockade potential for these VLPs could not be determined. As observed with MAbs (Fig. 1) . Neither of these strains, which fall within previously defined genoclusters, was pandemic in circulation. VLPs for these new strains were produced as before, and the structure of particles was verified by electron microscopy before antigenic characterization. Both panels of MAbs were assayed for reactivity to GII. 4 (Fig. 6 and 8) . genocluster as GII. (Fig. 8) . Further emphasizing the degree of antigenic change in these later strains, we were unable to evaluate blockade potential of the MAbs for GII. 4-2007 and -2008 due to insufficient cross-reactivity of these VLPs with the rabbit polyclonal sera used for blockade detection.
DISCUSSION
GII.4 noroviruses have been recognized as a leading cause of severe viral gastroenteritis worldwide for more than 20 years. The mechanism of continued persistence of this specific genocluster among a large family of genetically and antigenically diverse strains represents a fundamental question in norovirus biology as it combines questions of viral fitness with questions of host genetic susceptibility and immunity. These questions remained largely unanswered until recently, and all of them impact future vaccine design. The major obstacle to successful norovirus vaccine design is the lack of understanding of the extensive antigenic relationships between norovirus strains and how this heterogeneity affects host protective immunity. Despite this, we developed the first multivalent vaccines with broad cross-reactive and protective responses against noroviruses in mice (40) . To address these issues and inform vaccine design, we prepared a panel of MAbs generated independently against an early GII.4 strain (GII. ) and a contemporary GII.4 strain (GII. . By comparing the EIA reactivity of these MAbs against a panel of time-ordered (1987 to 2008) GII.4 VLPs, we have identified MAbs that recognize epitopes present only in strains chronologically near to the immunizing strain. More importantly, the inability of the 1987 monoclonal antibodies to bind contemporary 2006 VLPs confirmed the existence of evolving epitopes, epitopes which escaped antibody recognition most likely from mutations in and around surface-exposed sites which varied over time. These data provide the first direct evidence that epitopes in the GII.4 norovirus major capsid protein are undergoing antigenic variation over time, most likely in response to human herd immunity, much like other RNA viruses including influenza virus and HIV but in contrast to genogroup I noroviruses (15, 38) . Our data support a biphasic model of antigenic variation that emerges in GII.4 viruses in response to host herd immunity over time. First, we describe the emergence of GII.4 variation that differentially regulates the ability of ancestral strain monoclonal antibodies to block carbohydrate binding by the new emergent outbreak strain. Then over time, additional GII.4 variation eventually allows for complete or nearly complete escape from ancestral humoral immune response recognition/ neutralization. These data also support earlier arguments that blockade responses are indicative of protective immunity (23, 39, 54) . Larger monoclonal antibody panels, including human monoclonal antibodies and robust tissue culture models, would certainly enrich support for this model of GII.4 evolution. Monoclonal antibodies to a limited assortment of norovirus VLPs have been produced previously to evaluate the serologic relationships between different genotypes and genogroups (22, 30, 41, 49) . Most groups developing norovirus monoclonal antibodies have used VLPs for antibody reactivity characterization, which preferentially selects for antibodies that target surface-exposed conformation-retained epitopes. This is in contrast to immunizing and screening with P particles or P dimers as antigens (67) , which likely externally display undefined combinations of surface and some internal epitopes that are normally buried in native virions. Further, the use of Western blotting as reported in Yang et al. (67) failed to detect significant strain-antigenic differences. This approach may be experimentally flawed, as only 1 out of the 11 mIgGs characterized here bound to denatured VLP by Western blotting. One anti-GII. MAb bound to denatured VLPs of GII.4 strains from 1987 to 2006 (data not shown), which is in sharp contrast to EIA data which demonstrated more specific MAb interaction patterns when incubated with native conformationintact VLPs (Fig. 3b) . Allan et al. (2) have compared reactivity of five monoclonal antibodies against a pre-and post-2002 epidemic GII.4 strain. These data also identified a conformational epitope composed of residues 294 to 296 and 393 to 395. Unfortunately, none of our VLPs allowed for direct comparison between the two studies, but the finding that residues 393 to 395 were antigenically important supported our previously published work identifying amino acid 395 as an antigenic determinant in the GII.4-2002 Farmington Hills strain (39) . Nevertheless, our study is the first to examine the extent of antigenic variations within a genotype over decades, including variations occurring through four epidemic strains, and is consistent with earlier findings using polyclonal antinorovirus human and mouse sera (8, 39) . The panel of MAbs was not able to distinguish clear antigenic differences between GII. 4-1987 and GII.4-1997 VLPs by either EIA (Fig. 3 and 6 ) or surrogate neutralization assays (Fig. 4 and 7) , indicating that these two strains are antigenically very similar. These data are compelling because they support an earlier hypothesis (39) Fig. 3 ; also data not shown). Moreover, this sharp leading edge in cross-reactivity was also associated with a rapid loss in the ability of antibodies to block GII.4-2002 carbohydrate interactions (Fig. 4) . If the in vitro blockade assay faithfully captures a neutralization response associated with preventing virus particle-receptor interaction and entry, then it seems likely that GII. (Fig. 7) . These data suggest an intriguing possibility that evolution selects for a successful contemporary GII. (Fig. 1) . As most of the GII.4-2006 monoclonal antibodies did not recognize GII. , it seems likely that much of this evolution is in response to host herd immunity and that a major new pandemic strain may be emerging in the near future. In addition, the extant Minerva strain contains the same Asn393 and Ala395 residues found in the GII. pandemic strain, and the Ala395 change was sufficient to alter HBGA binding and antigenicity in this subcluster. This provides further evidence that a subset of residues is tolerated at specific positions that allow for innovations and that these residues are likely recycled over time. It further suggests that the extant Minerva strain may exhibit novel antigenic properties compared to the 2006 Minerva strain.
Five of the seven anti-GII. MAbs blocked homotypic VLP-HBGA interaction, and blockade potential did not correlate with either broad EIA reactivity or contemporary-strain EIA reactivity (Fig. 6 and 7) . (14, 15, 39) . These data are in agreement with phylogenetic data demonstrating that the GII.4 strains are evolving at an accelerated rate post-2002, with epidemic strains emerging approximately every 2 to 3 years (39, 59) . Contrary to data demonstrating that the GI strains share common epitopes between the genogroups that may lead to cross-protection and/or original antigenic sin (15, 38) , relatively little cross-reactivity exists between the GII genoclusters with this group of GII.4-2006 MAbs, with no detectable cross-genocluster VLP-HBGA blockade. The remaining two anti-GII.4-2006 MAbs recognized not only the entire GII.4 panel but also other GII strains, although with various levels of sensitivity (Fig. 6a) . These MAbs presumably recognize well-conserved genogroup epitopes which could subtly influence pathogenic outcomes and/or also serve as potential diagnostic or therapeutic reagents. Previous studies using outbreak samples have suggested that GII.3 outbreaks in the early 1990s may have induced immune responses that influenced GII.4-1997 evolution, suggesting that complex crossepitope recognition patterns may exist across GII strains (8) . (Fig. 7) (64) . Importantly, molecular evolution and antigenic differences between GII.4-2008 (Minerva-like) and GII.4-2007 (Hunter-like) support the notion that each is evolving/coevolving rapidly, most likely in response to human herd immunity, and that either/both may lead to future emergent pandemic strains. Eight out of 11 MAbs blocked homotypic VLP-HBGA interaction, demonstrating potential neutralization activity. Currently, the only means to test actual neutralization would be to test the ability of these MAbs to protect gnotobiotic pigs from GII.4 challenge (11). It is not surprising that the majority of MAbs blocked ligand binding as the P2 domain of the capsid protein is both the site of HBGA interaction and the most surface-exposed portion of the VLP, i.e., available for antibody interaction. Fine-mapping studies with peptides or mutant capsids will be necessary to map key interaction residues. Further, cocrystalization of blocking MAbs with the panel of VLPs may provide structural information important for predicting modes of carbohydrate blockade and mapping epitopes onto the structure (52, 60) . We have shown here by comparing blockade of GII.4-2002 with GII. and Ϫ1997 that regardless of mechanism, change in the binding site sequence can lead to significant changes in neutralization potential (8, 39) . It is important to note that protection is not always dependent upon binding near or within the receptor-binding site. Three MAbs recognized GII.4 VLPs but did not block VLP-HBGA binding, indicating that they may recognize epitopes outside the binding site. While not potentially neutralizing, these MAbs could be protective by interfering with a nonreceptorbinding step or by causing viral aggregation. In concert, mutations outside the capsid sequence may also have influenced GII.4 emergence as a recent report demonstrated that the RNA-dependent RNA polymerase of pandemic strains acquired a key mutation after 2001, resulting in an increased mutation rate and subsequent evolution rate (6) .
Determination of the mechanisms of antibody neutralization and any corresponding protection from norovirus infection is seriously limited by the lack of a cell culture model or smallanimal model for norovirus propagation. We have developed a large pool of anti-GII. 4 MAbs from immunized mice, and these have yielded useful information on the changing antigenic relationship between the evolving GII.4 strains. The correlation between mouse and human norovirus epitopes is unknown and constitutes an important limiting factor in our study, as our approach has a bias toward mouse and not human antigenicity. However, multiple studies have shown that mice mount robust antibody responses to the capsid protein and that these mouse antibodies have similar reactivities to and blockade capacities for norovirus VLPs (24, 40) . In addition to diagnostic reagents, these mouse antibodies could have potential vaccine use in the GII.4-infected gnotobiotic pig model and possibly in human therapeutics as the process of "humanizing" mouse antibodies becomes more accessible although combination cocktails and/or reformulation will likely be necessary to counter virus selection by antibody escape. Importantly, study of the GII.4 noroviruses with strain-matched VLPs and panels of MAbs is a useful model system for dissecting complex molecular mechanisms governing virus-ligand interaction and escape from herd immunity by antigenic variation in noncultivatable viruses.
As with HIV, hepatitis C virus (HCV), and influenza virus, antigenic variation will complicate the design of an effective GII.4 norovirus vaccine. It is likely that any vaccine will require frequent reformulation and need to include multiple components, as is the case for successful influenza vaccination. Preliminary data of multicomponent vaccination with both norovirus (40) and influenza virus (64) suggest that this vaccination approach can result in potentially neutralizing antibody production both to new strains not included in the cocktail and to multiple versions of the receptor-binding protein undergoing antigenic variation. Finally, the antigenic variation noted here is likely being driven by protective herd immunity. Contrary to early norovirus studies (35) , these data continue to support the argument that norovirus infection does illicit protective immune responses in many individuals, making an effective multivalent vaccine design possible (40) .
